A functional raspberry-like core−shell composite particle consisting of a conducting polyaniline (PANI) core and magnetic zinc ferrite shell is synthesized by Pickering emulsion polymerization. The morphology and chemical structure of the PANI/zinc-ferrite composite are evaluated by scanning electron microscopy, transmission electron microscopy, and Fourier-transform infrared spectroscopy. An electrorheological/magnetorheological fluid consisting of the PANI/zinc-ferrite composite dispersed in silicone oil with a particle concentration of 5 vol % is fabricated. Its rheological characteristics under external electric and magnetic fields are investigated by using a rotational rheometer. Under the electric or magnetic field, the PANI/zinc-ferrite particles form chain-like structures, demonstrating a solid-like state. Figure 12. ER efficiency for PANI/zinc-ferrite-based ER fluid as a function of shear rate under various electric field strengths. ACS Omega http://pubs.acs.org/journal/acsodf Article https://dx.
INTRODUCTION
Various emulsion polymerization synthesis routes have been employed for the fabrication of organic/inorganic hybrid magnetic particles having stimuli-responsive properties. However, in the typical emulsion polymerizations, organic surfactants are usually used as emulsifiers to stabilize the emulsion systems. In addition, they require an additional inconvenient step to remove the surfactants after the polymerization. 1, 2 Unlike the typical emulsion polymerization processes, Pickering emulsion polymerization utilizes solid particles as a stabilizer, and the fabricated polymer/solid particle composite after the polymerization does not require an additional process to remove the stabilizer. The characteristics of the Pickering emulsion rely on the kind of preferential wetting of the solid particles, by the oil phase or by the water phase. If the solid particles at the oil/water boundary are more hydrophilic, an oil-in-water emulsion is produced. Conversely, if the solid particles are more lipophilic, a water-in-oil structure is formed. In the studies on the fabrications of organic− inorganic composite materials by using the Pickering method, most of the obtained core−shell structures have been composed of polymer cores and inorganic shells. 3, 4 In the Pickering emulsion polymerization system, a hydrophilic inorganic material is usually employed as the stabilizer, and the hydrophobic monomer tends to be surrounded by solid particles in water to form a monomer-in-water emulsion with polymerized monomer droplets. 4 Electrorheological (ER) and magnetorheological (MR) fluids are classes of smart fluids composed of electrically and magnetically responsive particles suspended in liquid media, such as silicone and mineral oils. 5 More specifically, an MR fluid generally consists of soft magnetic particles and a nonmagnetic carrier medium, exhibiting liquid-like properties without a magnetic field. However, when a magnetic field is input, the magnetic particles in the medium build up a chainlike form along the magnetic field direction in a short time, and the MR fluid becomes solid-like. With the increase in magnetic field strength (H), the strength of the chain-like chains increases, and the solid-like properties of the MR fluid are enhanced (increased yield stress, viscosity, and dynamic modulus). When the applied external magnetic field is off, the chain-like structure disappears, and the MR suspension returns to a liquid-like state. 6−9 Similarly to the MR fluid, ER fluids consist of semiconducting/polarizable particles suspended in a nonconducting liquid, in which the particles form chain-like structures owing to the electrostatic interactions under the stimuli by the external electric field. The ER fluid also has a reversible characteristic between the liquid-and solid-like state with/without an electrical field. 10, 11 As ER and MR fluids exhibit rheological properties, which can be controlled by external electric or magnetic fields, and reversibly transform between solid-and liquid-like states, they are widely used in mechanical and industrial applications such as dampers, brakes, and clutches. 12−14 Materials with dual stimuli-responsive characteristics under external electric and magnetic fields also attract increasing attention. 15, 16 Many magnetic particles including carbonyl iron (CI), magnetite (Fe 3 O 4 ), maghemite (γ-Fe 2 O 3 ), and cobalt ferrite (CoFe 2 O 4 ) have been extensively used as MR materials. 17 CI has a higher saturation magnetization than those of other materials, which can contribute to a higher MR performance. However, owing to the relatively high density of CI, the density mismatch between CI and carrier liquid is considerable, which usually leads to undesired sedimentation problems and thus hinders its engineering applications. On the other hand, Fe 3 O 4 has been extensively studied as an MR material because of its magnetic characteristics, relatively low density, and simple synthesis. However, its saturation magnetization is relatively low, and thus MR fluids based on Fe 3 O 4 do not exhibit high yield stresses, which limits their applications. In this regard, zinc ferrite has gradually attracted interest owing to its lower density than that of CI and higher saturation magnetization than that of Fe 3 O 4 . 18 It is expected that zinc-ferrite-based MR fluids can exhibit not only high MR performances but also satisfactory sedimentation stabilities. Furthermore, nanosized zinc-ferrite particles could be effectively applied as a solid surfactant for the Pickering emulsion system for the first time.
In recent years, conductive polymers, as ER materials, have attracted considerable attention, particularly polyaniline (PANI), which has been widely investigated owing to its low density, controllable electrical conductivity, and simple synthesis. The conductivity is a significant factor determining the ER effect. When the electrical conductivity is too low, it is difficult to make a strong chain-like structure under an electric field, which leads to a low ER efficiency. On the other hand, if the electrical conductivity is too high, electrical breakdown is likely to occur at a low electric field strength, which leads to a reduced safety of the ER fluid during its application. Therefore, PANI is considered as one of the most promising particles for ER fluids because its electrical conductivity can be easily controlled by doping and dedoping with acid and alkali, respectively. 19−21 In addition, in recent years, core−shell composites have attracted considerable attention owing to their unique structural characteristics and uniform morphologies. Core− shell composites synthesized by Pickering emulsion polymerization also have been extensively tested as ER and MR suspensions. Kim et al. 22 have fabricated a core−shell polystyrene (PS)/Fe 2 O 3 composite by Pickering emulsion polymerization as an MR material. Liu et al. 23 have synthesized a core−shell PANI@SiO 2 by Pickering emulsion polymerization and have studied its ER response. Ahn et al. 24 fabricated a core−shell poly(methyl methacrylate) (PMMA)/ Fe 2 O 3 particle by Pickering emulsion polymerization and studied its stimuli-responsive characteristics under a magnetic field. The syntheses of core−shell composites as ER materials composed of graphene oxide (GO) shells and polymeric cores, such as PMMA/GO, poly(glycidyl methacrylate)/GO, and PS/GO, 25−27 have been actively studied.
In this study, a raspberry-like core−shell PANI/zinc-ferrite composite particle is fabricated by Pickering emulsion polymerization with zinc ferrite as a solid stabilizer. As shown in Scheme 1, the aniline monomer is surrounded by the hydrophilic zinc-ferrite to form an aniline-in-water structure. After the addition of the initiator, the aniline is polymerized to form a PANI core coated by a zinc-ferrite shell. The ER and MR behaviors of the fabricated PANI/zinc-ferrite suspended in silicone oil are also investigated. The zinc-ferrite particles have sizes of approximately 100 nm, while the PANI/zinc-ferrite composite contains microparticles with nanoparticles on the surfaces. The TEM image ( Figure  1 (c)) presents that the zinc-ferrite particles have cubic morphologies. Their cubic shape is due to the application of oleic acid in the synthesis, where the oleic acid acts as a surfactant and controls the morphology of the particles. 28 In addition, Figure 1 (c) shows that the PANI/zinc-ferrite composite contains raspberry-like core−shell microparticles formed by the zinc-ferrite nanoparticle coatings on the PANI. Furthermore, the density of the PANI/zinc-ferrite composite of 5.4 g/cm 3 measured was observed to be lower than that of zinc-ferrite of 5.9 g/cm 3 , indirectly indicating the formation of the PANI composite. On the other hand, as for the stability of the raspberry-like core−shell structure itself, it can be noted that it has been quite widely reported that core−shell structured polymer−inorganic particle composite particles from Pickering emulsion polymerization can be used as an effective filler for the polymer composites, enhancing their mechanical strength. This implies that the core−shell structured polymer−inorganic particle composite particles from the Pickering emulsion polymerization are considered to be mechanically stable. 29 Figures 2(a) and (b) show EDS results for the zinc-ferrite particles and PANI/zinc-ferrite composite, respectively. The atomic contents of C in the zinc-ferrite and PANI/zinc-ferrite composite are 17.14 and 60.95%, respectively. The increased C content in the PANI/zinc-ferrite composite is attributed to the PANI. The ratios of Fe to Zn in the zinc-ferrite and PANI/ zinc-ferrite composite are similar. Thus, the zinc-ferrite and PANI components are combined in the composite.
RESULTS AND DISCUSSION
The FTIR spectra demonstrate the successful synthesis of the PANI/zinc-ferrite composite (Figure 3 ). The peaks at 1608 (N−H scissoring vibration), 1485 (C−C stretching vibration), 1300 (C−N of secondary aromatic amine), 1235 (N−H bonding vibration) cm −1 , and at around 3400 cm −1 (weak vibration of N−H) represent the characteristics of pure PANI. 30 The peaks at 3380 (O−H stretching vibration) and 542 (Fe−O functional group characteristic of the spinel ferrite) cm −1 are assigned to the zinc-ferrite. 31 Thus, the FTIR spectra indicate that both PANI and zinc-ferrite are present in the PANI/zinc-ferrite composite. Figure 4 shows magnetization behavior of both zinc-ferrite and PANI/zinc-ferrite composite particles as a function of the H ranging from −1200 to 1200 kA/m. Saturation magnetization (M s ) is the maximum magnetization reached with the increased H. After this value is reached, the magnetization does not continue to increase with the input H. The M s values of the zinc-ferrite nanoparticles and PANI/zinc-ferrite composite are 91 and 73.7 emu/g, respectively. M s of the composite is lower than that of the zinc-ferrite because of the nonmagnetic PANI component. This indicates that the PANI/zinc-ferrite composite MR suspension may have a lower MR performance than that of the fluid based on the zinc-ferrite. In addition, both zinc-ferrite particles and PANI/zinc-ferrite composite have low coercivities (H c ) of 8 and 10 kA/m, respectively. This indicates that the two materials have soft magnetic properties. Thus, the MR fluids based on them are more sensitive in the return to the fluid-like state after the applied magnetic field is removed. As PANI is an excellent electrically conducting material, while zinc ferrite is a soft-magnetic material, dual stimuliresponsive properties of the PANI/zinc-ferrite composite under electric and magnetic fields are expected. Scheme 2 shows a schematic of the resulting action of the PANI/zincferrite-composite-based suspension under the electric and magnetic fields. Without H or electric field strength (E), the PANI/zinc-ferrite composite is freely dispersed in the carrier liquid. However, when a magnetic field or electric field is applied (H or E ≠ 0), the PANI/zinc-ferrite composite arranges in chain-like structures because of the induced magnetostatic or electrostatic interactions, respectively. To further investigate the MR and ER behaviors, the rheological properties of the PANI/zinc-ferrite composite dispersed in silicone oil under magnetic and electric fields are evaluated by using a rotational rheometer.
The MR properties are estimated by using a rotational parallel plate. Controlled shear rate tests are handled to measure shear stress (τ) ( Figure 5(a) ) and shear viscosity data ( Figure 5 where τ y is the dynamic yield stress; K is a consistency index; and n is a flow index. The solid lines in Figure 5 (a) are generated by using the H−B model. When the external H is applied, the shear stress curve is fitted with the H−B model. Figure 5 (b) demonstrates the shear viscosity as a function of the γ̇under various H. Under an applied H, the shear viscosity increases because of the formation of the solid-like phase, also exhibiting a shear-thinning behavior in the whole shear rate range.
The τ y of the PANI/zinc-ferrite-based MR fluid is obtained by using the flow curve at the zero shear rate limit. The relationship between the τ y and H is usually presented as H y τ ∝ α (2) where the index α is usually 1.0−2.0. Figure 6 demonstrates the τ y of the PANI/zinc-ferrite-based fluid as a function of the H, where the slope of the fitted line generated by using eq 2 is 1.0. Generally, the τ y of an MR suspension is closely associated with the magnetic characteristics of the MR material. Results suggest that a larger saturation magnetization of the material could provide a larger τ y of the MR fluid. Moreover, with the increase in the H, the magnetization of the material increases faster, which generally indicates that α in eq 2 is larger. In addition, α is also known to be related to the shape, size, and surface properties of the MR material and concentration of the MR fluid. 33−35 Dynamic oscillation measurements are carried out to further study the viscoelastic properties of the PANI/zinc-ferrite-based fluid under a magnetic field. Amplitude sweep tests are performed in the strain range of 0.00001 to 1 at a fixed angular frequency (ω) of 6.28 rad/s. Figure 7 represents the storage modulus (G′) as a function of the strain amplitude; G′ increases with the H. At strains smaller than 0.001, the MR fluid exhibits a linear viscoelastic (LVE) behavior. On the other hand, at strains larger than 0.001, the storage modulus is considerably decreased, and thus the chain-like structures in the MR suspension are destroyed owing to the excessive deformation. Therefore, a constant strain of 0.00007 within the LVE regime is selected for the frequency sweep tests.
An angular frequency sweep measurement is carried out from 1 to 200 rad/s with a constant strain of 0.00007. As shown in Figure 8 (a), without magnetic field, G′ increases with the angular frequency (ω), which indicates that the MR fluid shows a liquid-like property. However, under an external H, G′ is almost constant up to 100 rad/s, which indicates solid-like properties. This implies that under the stimulus by the external magnetic field the rheological behavior of the MR suspension changes from liquid-to solid-like due to the formation of a chain-like structure along the direction of the magnetic field. 36, 37 Further, to elucidate the transformation between the liquidand solid-like behaviors of the MR fluid, the relaxation modulus (G(t)) is obtained through the angular frequency test and by using the well-known Schwarzl equation 38
As shown in Figure 8(b) , without a magnetic field, G(t) rapidly decreases in a short time with fluid-like characteristics. However, under the magnetic field, G(t) is almost constant or slightly decreases over a relatively long period of time with solid-like characteristics. With the increase in strength of the magnetic field, G(t) is more stable, which indicates that the chain-like structures formed at the high H are stronger. The MR efficiency is calculated by using eq 4 based on the shear viscosity data in Figure 5 where η and η 0 are the shear viscosities under and without the H, respectively. As shown in Figure 9 , the MR efficiency increases with the H and decreases with the increase in γ. The decrease in MR efficiency occurs as the increase in shear rate destroys the chain-like structure formed along the direction of the H.
Furthermore, to evaluate the response of the PANI/zincferrite-based ER suspension under the electric field strength (E), its flow curves are studied at different electric field strengths at shear rates of 0.1−200 L/s. The conductivity of the PANI/zinc-ferrite composite was measured to be 4.7 × 10 −7 S cm −1 . As presented in Figure 10 , without the E, the τ increases with the γ. The shear viscosity slightly decreases at low shear rates and tends to be stable at high shear rates, similar to the Newtonian fluid behavior. However, under the electric field, significant shear thinning and yield stress appear, which indicate a Bingham-fluid behavior. The large change in rheological behavior of the fluid shows that the dispersed PANI/zinc-ferrite particles are aligned in chain-like structures under the electric field. Nonetheless, despite showing its typical ER behavior of Figure 10 , the rather higher electrical conductivity of the composite particles without the dedoping process of the PANI portion not only limited the E applied up to only 1.0 kV/mm but also exhibited weak dependence of the E on the increase of shear stress and shear viscosity. In addition, the density of the PANI/zinc-ferrite composite of 5.4 g/cm 3 measured was considered to be too high, especially for its ER test in an oscillatory mode, causing a sedimentation problem during the test.
The dynamic yield stress (τ y ) of the PANI/zinc-ferrite-based ER fluid was obtained from the controlled shear rate tests by extrapolating the shear stress at a zero-shear rate limit and plotted as a function of electric field strength as shown in Figure 11 . The relationship between the τ y and E can be presented as The τ y of the PANI/zinc-ferrite-based smart fluid under an electric field was observed to be lower than that under an applied magnetic field. This result might be due to the low content of PANI in the composite in addition to the fact that in general the τ y of the ER fluids is lower than that of the MR fluids. However, it can be found that the relationship of dynamic yield stress with electric field strength is the same with its relationship with magnetic field strength, both of which are proportional to the first power of field strength. Note that this value is smaller than those from both the polarization and conduction mechanisms. 40 Furthermore, the ER efficiency was calculated from the shear viscosity curve using the following equation 41 
ER efficiency 100%
where η and η 0 are the shear viscosities with and without the applied E, respectively. As given in Figure 12 , the ER efficiency decreased with an increased shear rate and increased with an increase in the electric field strength. The value of ER efficiency was higher than 3 × 10 4 % at an electric field strength of 1.0 kV/mm, indicating that the PANI/zinc-ferrite particles formed chain-like structures under the application of the electric field. 
CONCLUSION
The raspberry-like core−shell PANI/zinc-ferrite composite was synthesized by Pickering emulsion polymerization. Its morphology was observed by using SEM and TEM, which confirmed that the PANI was coated by zinc-ferrite particles and that the particle size of the composite was approximately 1 μm. The chemical structure and constituent elements of the composite were analyzed by FTIR spectroscopy and EDS, which demonstrated the successful synthesis of the PANI/zincferrite composite. The PANI/zinc-ferrite-based ER/MR fluid was fabricated by suspending the composite particles in silicone oil (100 cSt) with a volume fraction of 5%. The responses of the fluid to the electric and magnetic fields were investigated. Without the electric or magnetic field, the PANI/ zinc-ferrite-composite-based fluid exhibited a liquid-like state. However, under the electric or magnetic field, the composite particles arranged in chain-like structures, and the shear stress and shear viscosity largely increased, which reflected the solidlike behavior. In addition, dynamic oscillation tests of the PANI/zinc-ferrite-composite-based fluid were carried out at various H. The dynamic modulus increased with the H. The results also confirmed the transition from the liquid-to the solid-like phase.
4. EXPERIMENTAL SECTION 4.1. Materials. Iron(III) acetylacetonate and zinc(II) acetylacetonate hydrate both from Sigma-Aldrich, USA, are adopted as starting materials of the zinc-ferrite nanoparticle synthesis. Oleic acid (Sigma-Aldrich) is used as a surfactant, while benzyl ether (TCI, Japan) is used as a solvent to withstand the high reaction temperature. Hexane (Sigma-Aldrich, USA) and distilled water are used to wash residual materials.
4.2. Synthesis. Before the synthesis of the PANI/zincferrite composite, zinc-ferrite is synthesized by thermal decomposition. First, 21.2 g of iron acetylacetonate and 10.5 g of zinc acetylacetonate hydrate are added in benzyl ether (100 mL). Subsequently, 39.5 g of oleic acid is added in the above solution. The mixture is stirred for 30 min to well disperse the particles and heated to 120°C for 30 min to remove the bound water. The mixture is then heated to 280°C and reacted for 30 min with a reflux condenser. After the reaction, the mixture is cooled to room temperature and washed several times with hexane and distilled water. The product is finely dried by using a vacuum oven for 1 day. 28 The PANI/zinc-ferrite composite is synthesized by Pickering emulsion polymerization by using zinc-ferrite and aniline (Daejung, Korea) as starting materials. Ammonium persulfate (APS) is used as the initiator, while distilled water is used as the solvent. Distilled water and ethanol are used to wash the product after the reaction.
First, 1 g of zinc-ferrite particles is dispersed in 100 mL of distilled water under sonication for 30 min. Subsequently, 3 g of aniline monomer is added, and the sonication is continued for 1 h to obtain the Pickering emulsion. The emulsion is transferred to a reactor; 0.1 g of APS is added; and the reaction is proceeded for 12 h under stirring. The precipitate is washed by distilled water and ethyl alcohol several times and dried by using a vacuum oven for 12 h.
4.3. Preparation of the ER/MR Fluid. The PANI/zincferrite composite particle (5 vol %) is dispersed in silicon oil (100 cSt, Shin-Etsu, Japan). Sufficient vibration and sonication are performed to obtain a uniform suspension.
4.4. Characterization. The morphological image of the PANI/zinc-ferrite composite is observed by using scanning electron microscopy (SEM) (SU 8010, Hitachi, Japan) and transmission electron microscopy (TEM) (CM200, Philips, Netherlands). Using a pycnometer (Accupyc 1330, Gas pycnometer, USA), the densities of the zinc-ferrite particle and PANI/zinc-ferrite composite were measured. The chemical composition is analyzed by using energy-dispersive X-ray spectroscopy (EDS, EX-250, HORIBA, Japan) and Fourier-transform infrared (FT-IR) spectroscopy (Bruker, VERTEX 80 V). As the magnetic characteristics of materials are closely associated with the MR behaviors, the relationship between the magnetization of the material and external magnetic field strength is analyzed by vibrating-sample magnetometry (VSM) (7407, Lake Shore, USA). The MR and ER properties of the PANI/zinc-ferrite-composite-based fluid are measured by using a rotation rheometer (MCR 302, Anton Paar, Austria) under various magnetic and electric field strengths, respectively.
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